Abstract: Hydrogels have been used in regenerative medicine because they provide a three-dimensional environment similar to soft tissues, allow diffusion of nutrients, present critical biological signals, and degrade via endogenous enzymatic mechanisms. Herein, we developed in vitro system mimicking cell-cell and cell-matrix interactions in secondary lymphoid organs (SLOs). Existing in vitro culture systems cannot accurately represent the complex interactions happening between T-cells and stromal cells in immune response. To model T-cell interaction in SLOs in vitro, we encapsulated stromal cells in fibrin, collagen, or fibrin-collagen hydrogels and studied how different mechanical and biological properties affect stromal network formation. Overall, fibrin supplemented with aprotinin was superior to collagen and fibrincollagen in terms of network formation and promotion of Tcell penetration. After 8 days of culture, stromal networks formed through branching and joining with other adjacent cell populations. T-cells added to the newly formed stromal networks migrated and attached to stromal cells, similar to the T-cell zones of the lymph nodes in vivo. Our results suggest that the constructed three-dimensional lymphoid stromal network can mimic the in vivo environment and allow the modeling of T-cell interaction in SLOs. 
INTRODUCTION
Secondary lymphoid organs (SLOs) suppress spread of pathogens in the host body, induce an efficient antimicrobial immune response by promoting contact between antigenpresenting cells and lymphocytes, and promote the survival and differentiation of lymphocytes.
1 CD41 and CD81 Tcells and stromal cells play an essential role in these functions, and they are densely packed in the paracortex of the lymph nodes and the interfollicular zone of Peyer's patches, which are called "T-cell zones." 1 The stromal cells, which include fibroblastic reticular cells (FRCs) and lymphatic endothelial cells, function in the initiation and maintenance of immune responses by directing circulation of naive Tcells through the paracortical regions. 2, 3 In addition to the function of the individual stromal cells, the highly specialized microarchitecture of the stromal network contributes to primary immune response by spatially separating T-cell zones composed of stromal cells that control T-cell migration via chemokines from other compartments. 4 Multiple in vivo imaging studies 5, 6 have reported that the stromal network provides a structural basis that supports maximum cell-to-cell communication while maintaining T-cell motility. 2 Cells interact in a bidirectional and dynamic manner with extracellular matrix (ECM) components of the tissues in vivo. 7 Natural hydrogels, such as fibrin and collagen, can mimic complex physiological ECM environments. In this study, we investigated whether natural hydrogels can mimic the three-dimensional (3D) stromal network in vitro with which we can model T-cell behavior and functions in SLOs. These hydrogels provide a mechanical and biochemical environment and allow interaction among embedded cells because of their endogenous biological activity. Fibrin gel, which is the main component found in blood clots, has been characterized extensively as a plausible 3D hydrogel for various tissue-engineering applications. 8, 9 Cell-secreted enzymes, such as plasmin and matrix metalloproteinases, can degrade fibrin and allow cell migration, proliferation, and remodeling of the encapsulating matrix. 10 Another alternative that has been widely used in the 3D cell culture is collagen. Collagen is the main component of ECM in many tissues and has been used as a 3D culture system because of its structural integrity. [11] [12] [13] [14] Understanding T-cell interactions has important implications in understanding the immune response and viral transmission. For example, T-cells are known natural hosts of human immunodeficiency virus (HIV)-1, the causative agent of acquired immunodeficiency syndrome. When infected, T-cells make contact with uninfected T-cells, and HIV-1 particles get transmitted by cell-to-cell transmission. 15, 16 In a patient's body, this is most likely to occur in lymphoid organs where networks of ECM and stromal cells regulate T-cell behavior. 3 In vitro studies for viral transmission in SLOs have adopted two-dimensional cell-to-cell viral transfer assays in co-culture system. 15, 16 However, multiple reports have shown that the microenvironment modulates cell morphology, cellular behaviors, 11, 17 and lymphocyte migration. 18 Multiphoton imaging has provided some insight on the effects of microenvironment on viral spread in vivo 19 although it remains challenging to elucidate the molecular determinants involved in behaviors of infected T-cells in these approaches. The needs for understanding the functions of T-cells in lymphoid organ microenvironment are increasing, yet there are no tractable in vitro systems that allow dissection of Tcell behavior and functions in such microenvironment. Previous studies on T-cell migration in vitro used fibronectincoated surfaces 20 or 3D collagen matrices, 21 but focused mainly on the migratory behavior of lymphocytes and did not account for the presence of stromal networks. It has been shown that T-cell migration and trafficking depend on CC-chemokine ligand 19 (CCL19) and CCR 21 that are expressed by stromal cells. 2 To better mimic the in vivo microenvironment, we first built the stromal network by encapsulating stromal cells derived from human bone marrow in 3D hydrogels and allowing cells to proliferate and remodel their environment. After the stromal networks formed through branching and joining with other adjacent cell populations, T-cells were added to the newly formed stromal networks. Here, we demonstrated that T-cells' migration and interaction with the stromal network in vitro occurred similar to the T-cell zones of the lymph nodes in vivo. By utilizing various mechanical and biological properties of fibrin, collagen, and fibrin-collagen, we have shown that in vitro 3D hydrogel-based system can mimic lymphoid stromal networks in vivo and can model T-cell interaction in SLOs.
MATERIALS AND METHODS

Cell isolation and culture
Human bone marrow stromal cell line, HS-5 (ATCC CRL-11882), was cultured in DMEM (Dulbecco's modified Eagle's medium) culture medium (ATCC, Manassas, VA) supplemented with 10% heat-inactivated fetal bovine serum (FBS) (Biowest). HS-5 cells, which resemble FRCs in that they are podoplanin-positive and CD31-negative, were cultured in T-75 flasks and split in a 1:5 ratio every 3-4 days. CD41 Tcells used in this study, P2 cells, 22 were isolated from A3.01 cells (a subclone of the CEM cell line) based on its high propensity to adopt a polarized shape. These T-cells were cultured in RPMI-1640 medium (Gibco, Life Technologies, Grand Island, NY) supplemented with 10% heat-inactivated FBS in T-25 flasks, placed upright, and split in a 1:10 ratio every 3-4 days. All culture media were supplemented with 1% PenStrep (Lonza, Basel, Switzerland) and incubated in 5% CO 2 atmosphere at 37 C.
Gel preparation and cell encapsulation Fibrin gel. Dialyzed sterile bovine fibrinogen (SigmaAldrich, St. Louis, MO) (12.0 mg/mL), HS-5 cells, and bovine thrombin (Sigma-Aldrich) (50 IU/mL) were mixed and extruded homogeneously using the extruder from the Hemaseel APR Sealer Protein Kit (Haemacure, Sarasota, FL) to obtain a fibrin gel with the final fibrinogen of 6 mg/mL and 220,000 cells/mL gel concentrations. Fibrin gels (each with 200 lL volume) with encapsulated stromal cells were allowed to gel in 48-well plates for 10 min in the incubator (37 C, 5% CO 2 ). Fibrin coagulated and formed solid gels after 10 min, and the addition of 200 lL media did not disturb the morphology of the gel. A timeframe of 10 min was selected to maximize the cell viability during the polymerization process. Media was changed every 2 days, and cells were cultured up to 8 days. Each experiment was repeated five times, and the results were reproducible.
Type I collagen gel. Type I Collagen rat tail (Col I) (8.56 mg/mL) (BD Biosciences, San Jose, CA) was mixed with appropriate amounts of 103 PBS, 1N NaOH, and dH 2 O to make the final concentration of 2 or 4 mg/mL. This was quickly followed by the addition of cells to reach a final concentration of 220,000 cells/mL. Constructs (each with 200 lL volume) were allowed to gel in 48-well plates for 10 min in the incubator (37 C, 5% CO 2 ). Collagen coagulated and formed solid gels after 10 min, and the addition of 200 lL media did not disturb the morphology of the gel. Media was changed every 2 days, and cells were cultured up to 8 days. Each experiment was repeated five times, and the results were reproducible.
Fibrin-collagen I gel. To reach a final concentration of 6 mg/mL fibrinogen and 2 or 4 mg/mL type I collagen in a gel, we added the appropriate amounts of Col I (8.56 mg/ mL), fibrinogen (12.0 mg/mL), 103 PBS, 1N NaOH, dH 2 O, and 50 IU/mL bovine thrombin (Sigma-Aldrich). Each concentration of fibrinogen, thrombin, and collagen were selected based on previous in vitro 3D cell culture studies, [23] [24] [25] which have shown to support cell growth and proliferation. Cells were harvested and resuspended in fibrinogen to reach a final concentration of 220,000 cells/mL. Constructs (each with 200 lL volume) were allowed to gel in 48-well plates for 10 min in the incubator (37 C, 5% CO 2 ).
Fibrin-collagen coagulated and formed solid gels after 10 min, and the addition of 200 lL media did not disturb the morphology of the gel. Media was changed every 2 days, and cells were cultured up to 8 days. Each experiment was repeated five times, and the results were reproducible.
Green fluorescent protein transfection
To visualize HS-5 stromal networks up to 8 days in culture and to quantify cell area using fluorescence, HS-5 cells were stably transfected to express green fluorescent protein (GFP). Twenty-four hours prior to transfection, HS-5 cells were seeded in six-well plate to reach 60% confluency on the day of transfection. Plasmid DNA vector (pLenti-III-CMV-GFP-Puro, LV590, Applied Biological Materials, Richmond, BC, Canada) was mixed with Fugene 6 transfection reagent (Promega, Madison, WI) and Opti-MEM (Life Technologies) according to the manufacturer's instructions. DNA/Fugene6/ Opti-MEM mixture was added dropwise to the well of the six-well plate containing growth medium. Cells were then incubated at 37 C for 48 h. The GFP plasmid construct contains a puromycin resistance gene, which allows selecting stably transfected cells by culturing in a medium supplemented with 1 lg/mL puromcyin (Sigma-Aldrich). After 48 h, incubated HS-5 cells were subcultured 1:3 in selection medium. Selection medium was replaced every 3 days for 14 days. Successful selection was confirmed by the observation of 100% distinct colonies of surviving GFP-positive HS-5 cells.
Fluorescent area measurement
A MATLAB code was created using the Image Processing Toolbox to determine the approximate area of GFPexpressing cells. Specifically, the green channel was parsed out from each image before using image segmentation functions to create a gradient picture. Image segmentation relies upon differences in contrast to create a binary mask of the image. Once the binary mask image contained outlines of the cells, the mask was dilated and filled to cover the full area of each cell. Within the binary mask, white spots denoted cells, and cell area was calculated by determining the number of white pixels per image and converting the number to a size in micrometers (Supporting Information Fig. S3 ). Additionally, the binary mask outline was superimposed onto the original image to ensure that cell area was detected appropriately. All the analyzed images were taken at 3100 magnification by the inverted microscope Leica DMI3000B, and images were screened, selected, and analyzed using a double-blind method (n 5 5).
Aprotinin test
To slow down fibrinolysis, the culturing media (DMEM with 10% FBS) was supplemented with monomeric serine protease inhibitor, aprotinin (Sigma-Aldrich). Aprotinin was added in the medium to reach and to maintain sufficient concentration levels throughout the 8 days of culture and to be able to easily modify the concentration if necessary. Before addition, 1 TIU/mL aprotinin was diluted with culturing media to the desired aprotinin concentration (0.1 and 0.05 TIU/mL). Aprotinin was added beginning on day 2 and continued until day 8 of culture. At days 4, 6, and 8 of the culture, its effects on HS-5 stromal network formation were examined by measuring the fluorescent cell area as described previously (n 5 5).
Fibrin degradation assays
To measure the degradation rate of fibrin gels, we mixed unlabeled fibrinogen with AlexaFluor546-labeled fibrinogen (Invitrogen, Carlsbad, CA), resulting in 2% w/w labeling. HS-5 cells were encapsulated in the fluorescently labeled fibrin gels and cultured in DMEM without phenol red and supplemented with 4 mM L-Glutamine (ATCC). A plate reader (Fluoroskan Ascent FL, ex. 558/em. 573 nm) was used to measure the levels of soluble degradation products, AlexaFluor conjugate, released from the labeled fibrinogen as a result of the fibrin degradation (n 5 5). Medium was collected every 2 days for up to 8 days of culture. As a control, we measured the release of the AlexaFluor conjugate to the media from fibrin gels without cells to ensure that the fibrin degradation is driven by the cells. We did not detect a fluorescent signal when fibrin gels were cultured without the cells, and no autofluorescence was detected from the media.
Stromal cell viability
CellTiter-Glo Luminescent Cell Viability Assays (Promega) was used to determine the number of viable cells based on quantification of ATP present, which indicates the presence of metabolically active cells. This procedure was carried out on day 8 for all conditions as described by the manufacturer's protocol. The luminescence values were recorded by using a plate reader (Fluoroskan Ascent FL) after 10 min of incubation at room temperature to stabilize the luminescent signals. Standard curves were generated for each gel condition to identify the linear relationship between the luminescent signal and the number of cells in the hydrogel, ranging from 0 to 2 million cells per gel in the 96-well format (n 5 5).
T-cell interaction with HS-5 stromal network
Staining T-cells. T-cells were harvested by centrifugation and resuspended in prewarmed CellTracker CMTPX (Invitrogen) at 10 lM working concentration. Cells were then incubated for 30 min under growth conditions. The dye working solution was replaced with fresh media and incubated for another 30 min in 37 C. Cells were washed with PBS and resuspended with fresh media.
T-cell addition to the hydrogel and microscopy. CellTracker CMTPX-labeled P2 T-cell line (1.1 3 10 6 cells/mL) was resuspended in DMEM supplemented with 10% FBS and 0.05 TIU/mL aprotinin and added to the HS-5 stromal network in fibrin gel (6 mg/mL) (220,000 cells/mL gel) on day 6 of culture. Twelve hours after CMTPX-labeled P2-T-cells were added in suspension and allowed to sediment, these gels were imaged using Delta Vision-RT Live Cell Imaging System overnight to observe the T-cell migration and interaction with the stromal network. On day 8, all gels were fixed in 10% formalin (Electron Microscopy Sciences, Hatfield, PA) for 10 min and then carefully washed three times with 13 PBS (Sigma-Aldrich), 50% EtOH, and 70% EtOH, respectively. All images of these fixed gels were taken using confocal microscope Nikon A1 to verify the T-cell interaction with the HS-5 stromal network. Each experiment was performed at least five times, and the result was reproduced.
T-cell viability assay. To assure T-cell viability in HS-5 culturing media (DMEM), T-cells were cultured in both DMEM and RPMI-1640 medium in six-well plates for 2 days. Cells were then stained with LIVE/DEAD Cell Imaging Kit (488/ 570) (Invitrogen) as described by the manufacturer's protocol. T-cell viability was quantified by dividing the number of dead cells by the total number of cells shown in 350 images (n 5 2).
Statistical analysis
All statistical analyses were performed using GraphPad Prism (GraphPad Prism Software, La Jolla, CA). Data are reported as mean 6 standard deviation (SD) of measurements, and analyzed with two-way analysis of variance followed by Tukey's post-test. Statistical significance was assumed when p < 0.05.
RESULTS
Stromal network formation in fibrin gel
To design a 3D hydrogel system that can support and mimic a lymphoid stromal network, fibrin gel was investigated. The encapsulated HS-5 cells in fibrin gel (6 mg/mL) demonstrated fibroblast-like spindle morphology at day 2, and stromal networks began to form through branching and joining with other adjacent cell populations by day 6 [ Fig. 1(A) ]. However, because of the rapid fibrinolysis along with cell growth, fibrin degraded completely by day 8, leading to the loss of the structural support and contraction of the stromal network architecture [ Fig. 1(A) and Supporting Information Fig. S1 ]. Inability to maintain the matrix architecture after complete network formation restricted T-cell penetration into the network because of the high density of the cells and the collapse of the fibrin structure.
Optimal aprotinin concentration controls fibrin degradation and cell spreading We hypothesized that the kinetics of fibrin degradation would affect cell proliferation, migration, and cell-mediated matrix remodeling. We used a monomeric serine protease inhibitor, aprotinin, added to the culturing media to control the fibrin degradation rate and to extend the period when the stromal network architecture is supported. Higher concentration of aprotinin (0.1 TIU/mL) slowed down fibrinolysis significantly [ Fig. 1(B,C) ], but also restricted cell growth [ Fig. 1(A) ]. As a result, we concluded that in order for HS-5 cells to proliferate and connect with other surrounding cells, these cells have to be able to migrate and remodel their microenvironment. Reducing the aprotinin concentration to 0.05 TIU/mL resulted in sufficient cell proliferation for network formation, and slow enough fibrin degradation [ Fig.  1(A) and Supporting Information Fig. S1 ]. After identifying the optimal aprotinin concentration that allows both control over fibrinolysis and maintenance of the stromal network, the ability to support cell growth and network formation was assessed quantitatively by measuring the fluorescent area occupied by the cells in the hydrogel [ Fig. 1(D) ]. Compared with no-aprotinin control condition, fibrin gels supplemented with aprotinin (0.05 TIU/mL) showed slower cell proliferation rate and lower cell area in the beginning stage of culture, which then significantly increased, by day 8 [ Fig. 1(D) ]. On the other hand, the cell area in fibrin gel without aprotinin slightly decreased at day 8 due to accelerated fibrinolysis and its inability to maintain the architecture lead to the collapse of the stromal network [ Fig. 1(D) and Supporting Information Fig. S1 ]. Only fibrin gel supplemented with aprotinin (0.05 TIU/mL) showed significant increase in normalized fluorescent cell area from day 4 to day 8, proving the importance of a balance between fibrin degradation and cell proliferation in the stromal network formation [ Fig. 1(D) ]. There was no statistical difference in normalized cell area between fibrin gel supplemented with 0.05 TIU/mL aprotinin and fibrin gel alone throughout any day of the culture; however, the ability to maintain the structural architecture after complete network formation was significantly improved with the addition of 0.05 TIU/mL aprotinin [ Fig. 1(A) and Supporting Information Fig. S1 ].
HS-5 stromal network formation in type I collagen gel
We investigated type I collagen gel as it constitutes bundles along which FRCs form the network in T-cell zones. 1 Based on the results from the aprotinin test with fibrin gels, we hypothesized that compact environments restrict cell growth. Therefore, we investigated high (4 mg/mL) and low (2 mg/mL) collagen concentration to test our hypothesis. In 4 mg/mL collagen gels, HS-5 cells exhibited fibroblast-like spindle morphology at day 4. The growth slowed down by day 8 (Fig. 2, box) in 4 mg/mL collagen gels; however, HS-5 cells showed better growth by day 8 in 2 mg/mL collagen gels than in 4 mg/mL collagen gels (Fig. 2) .
HS-5 stromal network formation in fibrin-collagen gel
Based on results from both fibrin and collagen gel, we hypothesized that combining the faster-degrading fibrin and slow-degrading collagen gel would provide optimal degradation rate and structural rigidity to promote cell growth and network formation. Fibrin concentration was kept constant at 6 mg/mL, and only collagen concentration was varied (collagen concentration: 2 mg/mL and 4 mg/mL) to identify the optimal concentration for HS-5 cells. The trend observed in fibrin and collagen gels continued, and HS-5 started to express a fibroblast-like spindle phenotype in both low-and high-collagen fibrin-collagen gels. However, no significant growth or network formation was observed in 4 mg/mL fibrin-collagen gels at day 8 (Fig. 3) . Similar to collagen FIGURE 1. Effects of aprotinin on HS-5 stromal network formation and fibrin degradation rate. A: HS-5 cells encapsulated in fibrin (6 mg/mL) gel (220,000 cells/mL gel) and two different concentrations of aprotinin (0.1 and 0.05 TIU/mL) were supplemented with media. Scale bar: white 5 200 lm and black 5 500 lm. B: GFP-labeled HS-5 were encapsulated in fibrin gels copolymerized with 2% w/w AlexaFluor 546 (558/573 nm) labeled fibrinogen to measure the fibrin degradation during the stromal network formation. Scale bar: 200 lm. C: Fluorescence was measured in the media that was collected every 2 days from fibrin gels labeled with 2% w/w AlexaFluor 546. Stronger fluorescence was detected in media collected from more degraded fibrin gels, verifying the effect of aprotinin concentration on fibrinolysis. Values are reported as mean 6 SD (n 5 5). D: The area occupied by cells was quantified as the area corresponding with GFP fluorescence within 3100 images (Supporting Information Fig.  S3 ). Only fibrin gel supplemented with aprotinin (0.05 TIU/mL) showed significant increase in normalized fluorescent cell area from day 4 to day 8. Values are reported as mean 6 SD (n 5 5). Statistical significance was determined by a two-way analysis of variance followed by Tukey's posttests (*, **, and # indicate p < 0.05). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.] gels, HS-5 cells showed better cell growth in 2 mg/mL fibrin-collagen gels than in 4 mg/mL fibrin-collagen gels (Fig. 3) . Fibrin-collagen gels (2 mg/mL) contracted significantly as early as day 2, limiting cell growth and expansion (Supporting Information Fig. S2 ).
Comparison among three different hydrogel systems: Fibrin, fibrin-collagen, and collagen After characterizing the degradation rate in the presence of cells in three different hydrogel compositions, we performed a quantitative analysis of the gels' ability to support cell proliferation and FIGURE 2. Effects of collagen concentration on HS-5 stromal network formation in type I collagen gel. HS-5 cells were encapsulated in type I collagen gel (220,000 cells/mL gel) and 2 mg/mL and 4 mg/mL collagen concentration were compared. The growth slowed down by day 8 in 4 mg/ mL collagen gels; however, HS-5 cells showed better growth by day 8 in 2 mg/mL collagen gels than in 4 mg/mL collagen gels. Scale bar: white-5 200 lm and black 5 100 lm. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.] FIGURE 3. Effects of collagen concentration on HS-5 stromal network formation in fibrin-collagen gel. HS-5 cells were encapsulated in fibrin-collagen gel (220,000 cells/mL gel) and 2 mg/mL and 4 mg/mL collagen concentration were compared. As in collagen gels, HS-5 cells showed better cell growth in 2 mg/mL fibrin-collagen gels than in 4 mg/mL fibrin-collagen gels. Scale bar: white 5 200 lm and black 5 100 lm. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.] network formation. The normalized fluorescent cell areas within images taken at 3100 magnification [ Fig. 4(B) ] and the overall viable cell number [ Fig. 4(C) ] at day 8 were assessed for the hydrogels with different collagen concentrations. In general, both the degree of stromal network formation and the number of viable cells clearly increased with decreasing collagen concentration in collagen and fibrin-collagen gels. Fibrin gel supplemented with aprotinin (0.05 TIU/mL) showed significantly higher values of cell area [ Fig. 4(B) ] as well as viable cell number [ Fig. 4(C) ] at day 8 compared with all concentrations of collagen and fibrincollagen, and supported 67-fold increase in the number of viable cells. There was no statistical difference between fibrin gel supplemented with aprotinin and fibrin gel alone in both normalized cell area and viable cell number; however, a dense mass of cells formed in fibrin gel without aprotinin [ Fig. 4(A) ] because of the collapse of the fibrin structure.
T-cell interaction
Before adding T-cells to the stromal network in fibrin gel, we verified their viability in HS-5 DMEM-based culture FIGURE 4. Comparison among three different hydrogel systems: fibrin, fibrin-collagen, and collagen. A: GFP-labeled HS-5 cells (220,000 cells/mL gel) encapsulated in six different hydrogel conditions: fibrin with and without aprotinin, fibrin-collagen, and pure collagen at various concentrations. Fibrin concentration was kept at 6 mg/mL for all gels, and only collagen concentration was varied from 2 to 4 mg/mL. HS-5 formed more interconnected and complete network in fibrin gel with aprotinin (0.05 TIU/mL). Scale bar: 200 lm. B: The normalized fluorescent cell area was quantified as the area corresponding with the GFP fluorescence within 3100 images and compared among the different hydrogel systems. Fibrin gel supplemented with aprotinin (0.05 TIU/mL) showed significantly greater values of total cell area at day 8 compared with all compositions of collagen and fibrin-collagen. Values are reported as mean 6 SD (n 5 5). C: CellTiter-Glo luminescent cell viability assay was used to determine the total number of viable cells per gel based on quantification of ATP. Fibrin gel supplemented with aprotinin (0.05 TIU/mL) showed significantly greater values of viable cells at day 8 compared with collagen (4 mg/mL) and fibrin-collagen (4 mg/mL). Values are reported as mean 6 SD (n 5 5). Statistical significance was determined by a two-way analysis of variance followed by Tukey's post-tests (*, **, and # indicate p < 0.05). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary. 
DISCUSSION
The goal of this study was to create a 3D hydrogel system that can support lymphoid stromal network formation similar to in vivo to study T-cell interaction in SLOs. Natural hydrogels provide a 3D mechanical and biochemical environment and allow interaction among embedded cells due to their endogenous biological activity. Fibrin and collagen gels undergo cell-mediated degradation through cellsecreted enzymes, such as plasmin and matrix metalloproteinase, allowing cell migration, proliferation and remodeling of the encapsulating matrix. 10 We have characterized each hydrogel system and its ability to support the 3D stromal network formation. Among the different gel systems, more cell growth and more interconnected stromal network formation were observed when cells were in less rigid and more degradable environments, allowing branching and cell remodeling. The fast degradation rate of fibrin can be controlled with aprotinin, making it a potential material for in vitro 3D hydrogel system. High concentration of aprotinin slowed down fibrinolysis significantly; however, it slowed down cell growth as well. In order for cells to proliferate and connect with other surrounding cells, these cells have to be in a microenvironment where they can migrate and remodel. After reducing the aprotinin concentration to 0.05 TIU/mL, the level of proliferation and network formation were recovered while slowing down the fibrin degradation.
To better mimic the in vivo microenvironment, we further investigated fibrin-collagen by incorporating naturally degradable fibrin into collagen gel to allow more cell growth and better stromal network support. Surprisingly, fibrin-collagen showed lower values of normalized fluorescent cell area and viable cell number compared with both pure fibrin and collagen. This could be due to the overall mechanics of fibrin-collagen and collagen gels being influenced by changes in the network architecture. Multiple studies have shown the trend of increase in the stiffness of fibrin-collagen compared with that of pure fibrin or collagen gel. [23] [24] [25] Depending on protein concentrations, the storage modulus of the gel varied; however, the trend of fibrincollagen having a greater modulus compared with pure fibrin or collagen was consistent throughout these studies. The increase in the microstructure stiffness is likely due to the greater amount of protein in fibrin-collagen gels and the combinatory effect of highly connected bundles of collagen and interfibrillar bonding of fibrin. 24, 26 Also, it has been shown that the permeability correlates with the overall collagen content and decreased collagen concentration resulted in an increase in overall permeability, 27 which allowed better T-cell infiltration. Gel contraction of both collagen and fibrin-collagen gels over time also could have restricted stromal cell growth and network formation. Collagen-containing gels are known to contract over time due to cells attaching and pulling on fibers as well as the force generated from cell-to-cell contact. 11, 28 Fibrin-collagen underwent more significant contraction compared with pure collagen gels as fibrin degraded away. Fibrin gel also contracted, but the addition of optimal aprotonin concentration resulted in balanced matrix degradation and cell proliferation. The controlled cell-mediated degradation in this specific combination created openings that allowed T-cells to penetrate through, which makes it more suitable for T-cell migration and interaction studies.
We have verified T-cell migration and interaction with the stromal network using confocal microscopy and live cell imaging; however, further studies will be necessary to identify whether T-cell migration and trafficking depend on stromal cell expression of CCL19, 2 CCR 21, 29 or adhesion ligands like ICAM-1, 30 which is what occurs in T-cell zones.
In vivo, the majority of T-cells enters and migrates through and exits the SLOs continuously to seek infected cells in the organism, 2 which is not accurately represented in our system. However, considering that T-cell recruitment and migration in vivo is a complicated process, we believe that our 3D system can function as a useful tool to identify factors involved in T-cell-T-cell and T-cell-stromal-cell interactions in SLOs. One possible application of these 3D hydrogel systems would be to model cell-cell interactions in SLOs and study the role of these interactions in cell-to-cell HIV transmission in vivo.
CONCLUSION
In summary, by utilizing and characterizing natural hydrogels like fibrin, fibrin-collagen, and collagen, we developed 3D hydrogel systems in vitro that can mimic lymphoid stromal networks as assembled in vivo and eventually allow us to model T-cell interaction in SLOs. Throughout the different gel systems, more cell growth and more interconnected stromal network formation were observed when cells were in less rigid and more degradable environments, which allowed branching and cell remodeling. Unlike slow degrading collagen-containing gel systems, fibrin degradation rate can be controlled with aprotinin, making this the ideal hydrogel system. We have verified T-cell interaction with the stromal network constructed within fibrin gels supplemented with aprotinin using confocal imaging and live cell imaging; however, further studies would be necessary to identify whether T-cell migration and trafficking depend on stromal cell expression of CCL19 or CCL21 as observed in T-cell zones of SLOs. We believe that the described 3D hydrogel system can help identify cellular factors modulating T-cell behavior in SLOs as well as the cell-to-cell HIV transmission mechanism in lymphoid organs and serve as a complementary approach to the in vivo multiphoton imaging.
